Bacillus circulans xylanase contains two histidines, one of which (His 156) is solvent exposed, whereas the other (His 149) is buried within its hydrophobic core. His 149 is involved in a network of hydrogen bonds with an internal water and Ser 130, as well as a potential weak aromatic-aromatic interaction with Tyr 105. These three residues, and their network of interactions with the bound water, are conserved in four homologous xylanases. To probe the structural role played by His 149, NMR spectroscopy was used to characterize the histidines in BCX. Complete assignments of the 'H, I3C, and I5N resonances and tautomeric forms of the imidazole rings were obtained from two-dimensional heteronuclear correlation experiments. An unusual spectroscopic feature of BCX is a peak near 12 ppm arising from the nitrogen bonded 'HE' of His 149. Due to its solvent inaccessibility and hydrogen bonding to an internal water molecule, the exchange rate of this proton (4.0 X low5 s-' at pH* 7.04 and 30 "C) is retarded by > 106-fold relative to an exposed histidine. The pKa of His 156 is unperturbed at -6.5, as measured from the pH dependence of the "N-and 'H-NMR spectra of BCX. In contrast, His 149 has a pKa < 2.3, existing in the neutral N'*H tautomeric state under all conditions examined. BCX unfolds at low pH and 30 "C, and thus His 149 is never protonated significantly in the context of the native enzyme. The structural importance of this buried histidine is confirmed by the destablizing effect of substituting a phenylalanine or glutamine at position 149 in BCX.
biochem.ubc.ca. ligand for metal ions. Perhaps most importantly, histidine residues serve critical enzymatic roles, functioning commonly in nucleophilic and general acidhase catalysis. Finally, the imidazole ring offers a wealth of spectroscopically obtainable information, allowing experimentalists to probe many details of the structure and function of histidine-containing proteins.
In this study, we report the characterization of the two histidine residues present in the xylanase from Bacillus circulans. BCX is a member of the family G or 1 1 low molecular weight endo+-( 1,4)-xylanases (Gilkes et al., 1991; Henrisaat & Bairoch, 1993; Davies & Henrissat, 1995) . These enzymes catalyze the hydrolysis of xylan, an abundant structural heteropolysaccharide found in plant cell walls (Coughlan & Hazelwood, 1993) . In a collaborative effort to develop BCX as a model P-glucanase and as a tool for potential 3Present address: Chemistry Department, University of San Diego, San applications in biotechnology, we and our co-workers have charDiego, California 921 10.
acterized extensively the stability, structure, and enzymology of Abbreviarions: BCX, Bucittus circutuns xylanase; CT, constant-time; this bacterial protein (paice et 1986 (paice et : Gebler et al,, 1992 ; Wakar-DSS, sodium 2,2-dimethyl-2-silapntane-5-sulfonate; HMBC, heteronuclear multiple-bond correlation; HSQC, heteronuclear single quantum corchuk et al., 1992 , 1994a , 1994b Campbell et al., 1993; Mia0 et al., An interesting feature of the crystallographically determined structure of BCX is a histidine residue (His 149) that is buried completely within its hydrophobic core. The imidazole side chain of this residue stacked edge-on to a tyrosine ring (Tyr 105) and is involved in a network of hydrogen bonds to a nearby serine hydroxyl group (Ser 130) and a bound water molecule (Campbell et al., 1993) . The histidine, serine, and tyrosine residues are absolutely conserved in all known Family G xylanases, as are the interactions between these groups and the bound water in the crystal structures of the related Trichoderma harzianum and T reesei I and I1 xylanases (Campbell et al., 1993; Wakarchuk et al., 1994a; Torronen et al., 1994; Torronen & Rouvinen, 1995) .4 This suggests strongly that His 149 plays an important role in establishing the conformation of BCX, and thus is a potential target for mutagenesis to probe the stability of this xylanase. Conveniently, BCX also contains a nonconserved, solvent-exposed histidine at position 156 that serves an internal standard by which the properties of His 149 may be compared.
Using NMR spectroscopy, we have investigated the structural environments, pKa values, and solvent accessibilities of these two histidine residues. Whereas His 156 behaves as expected for an unperturbed imidazole, His 149 is distinct in two key respects. First, it is highly protected from hydrogen exchange with the solvent, and second, its pKa is <2.3 such that, at 30 "C, the imidazole side chain of this residue is never protonated significantly while buried within the interior of the folded enzyme. These comparisons illustrate dramatically how the properties of the two histidines depend on their structural contexts with this protein.
Results

Identification of a buried histidine residue
The IH-I'N HSQC spectrum of BCX is presented in Figure 1 . The spectrum of this 20.4-kDa protein is remarkably well dispersed, with almost every cross peak from the 178 main-chain and 23 side-chain amides, as well the 11 tryptophan indole and 7 arginine guanido groups, resolved. The assignments of the main-chain amide 'H and "N resonances were obtained previously using threedimensional triple resonance NMR experiments . Somewhat surprisingly, an isolated cross peak is observed in this HSQC spectrum with the distinct chemical shifts of 12.19 ppm in 'H and 168.3 ppm in "N. The resonances contributing to this cross peak are also identified readily in the corresponding one-dimensional 'H-and "N-NMR spectra of the protein (Fig. 2) . As proven below, this cross peak arises from the imidazole 15Nt2H of His 149. In general, nitrogen bonded histidine protons, such as those of the exposed His 156 of BCX, are not observed in the 'H-detected NMR spectra of proteins due to rapid exchange with the aqueous solvent. However, His 149 is entirely buried within BCX and thus exhibits significantly retarded hydrogen exchange kinetics.
Assignment of the histidine imidazole resonances
The downfield region of the one-dimensional I5N-NMR spectrum of BCX under acidic conditions contains four peaks at the resonance frequencies of the imidazole ring nitrogens of His 149 and His 156 (Fig. 2) . Based on the spectra of model compounds, the two peaks near 180 ppm correspond to the protonated nitrogens of an imidazolium cation, whereas those at 168.3 and 250.5 ppm arise from the protonated and nonprotonated nitrogens, respectively, of an uncharged imidazole (Blomberg et al., 1977; Blomberg & Ruterjans, 1983; Bachovchin, 1986; Witanoski et al., 1986; van Dijk et al., 1992; Pelton et al., 1993) . Therefore, at pH < 5.5, one histidine side chain (His 149; see below) is unambiguously in the neutral form, whereas the other (His 156) is in the ionized state.
We completely assigned the resonances from the 'H, I3C, and I5N nuclei in the imidazole rings of the two histidines in BCX using the following strategy (Figs. 3, 4 ).
1. The ring nitrogens were linked to their neighboring nonexchangeable 'Ha2 and IHE' via weak two-and three-bond couplings detected in the 'H-I5N HMBC spectrum of uniformly I3C/I5N-labeled BCX (Fig. 4A) . The cross peak from directly bonded 15NE2H of His 149 is also observed in this spectrum.
2. These nonexchangeable protons were connected to the directly bonded 13Ca* and 13CeI by careful alignment of the 'H-I'N HMBC spectrum with the constant-time 'H-I3C HSQC spectrum recorded on the identical protein sample (Fig. 4B) . Two features of the aromatic HSQC spectra of a uniformly 99% I3C-labeled protein are worth highlighting with regard to the assignment of imidazole side chains. First, the I3Cc' of histidines are identified readily by their distinct downfield shifts and by the lack of carbon-carbon splittings in a regular HSQC spectrum recorded with suitable resolution in the I3C dimension (not shown; Richarz & Wiithrich, 1978; Pelton et al., 1993) . Second, the 13CS2 of histidine and the 13CS' of tryptophan are unique among the aromatic side chains in that they have only one neighboring carbon atom. Thus, in a CT-HSQC spectrum recorded with a total constant-time delay of l/'Jcc, the peaks from these carbons are inverted in sign relative to those from the remaining ring carbons with an even number of neighboring I3C nuclei. Based on these simple patterns, we identified unambiguously the resonance of 'H" of His 149 lying upfield of the resonance from IHSz. This is opposite to that expected from the random coil 'H chemical shifts of imidazole rings (Bundi & Wuthrich, 1979) , and thus highlights the utility of the 'H-I3C CT-HSQC in assigning the NMR spectra of histidine residues. The unusual shift of the 'H" of His 149 is attributed to an aromatic ring current effect from the side chain of Tyr 105 (Fig. 7) .
3. The nuclei in the imidazole rings were connected to those in the protein backbone based on 1HS2-'3Cp correlations de-
tected in the (HP)CP(CyCS)HS spectrum of 13C/'5N-labeled BCX ( Fig. 4C ; Yamazaki et al., 1993) . This approach relies on the large one-bond 'H-I3C and I3C-l3C scalar couplings, thus avoiding possible ambiguities associated with the conventional method of assigning aromatic rings using NOE interactions (Wuthrich, 1986) . The l3CB chemical shifts of His 149 and His 156 were identified previously , thereby completing the assignment of the imidazole side chains of these two residues.
Assignment of the histidine tautomeric states
His 156 is protonated at pH < 5.5, with both ''N nuclei having chemical shifts diagnostic of a charged imidazolium ring. As discussed clearly in the literature (Blomberg et al., 1977; Blomberg & Ruterjans, 1983; Pelton et al., 1993) , the two-and three-bond couplings between the ring nitrogens and carbon bonded protons in the cationic imidazolium ring are all greater than 3 Hz in magnitude. Thus, all four possible correlations between '5N*1/15Ne2 and IHS2/lHe' are observed in the 'H-I'N HMBC spectrum of His 156 (Fig. 4A ). However, inspection of these data reveals that the cross peak at 7.01 ppm and 186.4 ppm is clearly weaker than the remaining three. Given that the magnitude of the 3JNSl.HS2 coupling constant is less than those of the three possible *JNH couplings in a protonated histidine ring, we tentatively assign the nitrogen peaks at 182.6 and 186.4 ppm to 15Ne2 and 15NS' of His 156, respectively. His 149 exists in the neutral state with its I5N nuclei resonating at 168.3 and 250.5 ppm. In contrast to the case of the protonated imidazole ring, the magnitude of the three-bond 3JNsl.H~2 coupling constant coupling is -2 Hz. Thus, a cross peak between 15NS1 and 'HS2 is expected to be very weak or absent in the 'H-15N HMBC spectrum (Pelton et al., 1993) . Based on this criterion, the peak at 250.5 ppm is assigned to the IsNS' of His 149, and that at 168.3 pprn of the I5Ne2. Therefore, His 149 exists in the tautomeric form with I5NE2 protonated, and the downfield peak observed at 12.19 ppm and 168.3 ppm in the IH-I5N HSQC spectrum of BCX is assigned unambiguously to 15Ne2H. This assignment is supported further by the observation of NOE cross peaks of equal intensity between this nitrogen bonded proton and the adjacent IHS2 and 'HE' of His 149 in the NOESY spectrum of BCX, combined with the absence of cross peaks to the 'H0.p' of this residue (Figs. 5, 7) (Stoesz et al., 1979; Wu et al., 1984) .
We also attempted to assign the tautomeric state of His 149 by recording high-resolution IH-I3C HSQC spectra of the "N-and 13C-labeled protein with selective 15N decoupling during the t i period. However, the I JNC couplings were not resolved sufficiently to detect confidently changes in the linewidths of the I3CSZ and would involve using a multidimensional NMR experiment to observe carbon bonded protons while providing indirectly the correlations between neighboring 15N and I3C nuclei.
l0C.I peaks with decoupling. An alternative assignment strategy pH titrations of the histidine residues in BCX The chemical shifts of the IH, I3C, and ''N nuclei of histidines are dependent on the ionization state of the imidazole ring. Traditionally, this has provided a convenient avenue to measure experimentally the pK, values of histidine side chains in proteins (Markley, 1975; Blomberg et al., 1977 Lawson et al., 1996) , this precluded the use of 'H-NMR to monitor the titrations of these two carbon bonded protons. An alternative method is to follow the titration of the histidines using the 'H-I3C HSQC experiment (Yu & Fesik, 1994) . However, this requires the use of an expensive isotopically labeled BCX sample, which may denature irreversibly under very acidic or basic conditions. Therefore, we focused our attention on the I5N nuclei of the histidine rings.
The downfield regions of the 'H-and I5N-NMR spectra of BCX, recorded as a function of pH, are presented in Figure 2 .
At pH < 5.5, His 156 is clearly protonated with both I5N resonating near 175 ppm. With increasing pH, these two peaks initially shift downfield, subsequently broadening beyond detection as the . NOE cross peaks to the 'HB and 'Hp' of nearby Ser 100 are also labeled. A cross peak at the frequency of H20 is tentatively assigned to a NOE interaction with a buried water that is hydrogen bonded to N"H of His 149 or to the OYH of Ser 1 0 0 . The diagonal peaks at 11.5 and 12.6 likely arise from the phenolic OTH of tyrosines.
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ring deprotonates. The broadening is attributed to protonationdeprotonation, coupled with interconversion of the tautomeric states of His 156, that occurs on the time scale of intermediate chemical exchange. If His 156 deprotonated to a single or predominant tautomeric form, the resonance of one I5N should shift downfield to -250 ppm, whereas the other would be expected to move upfield slightly to -167 ppm (Blomberg & Rutejans, 1983; Bachovchin, 1986 ). Based on the chemical shift changes measurable for the I5N nuclei of His 156, we estimate that the pK, of this residue is approximately 6.5. This is within the range expected for an exposed histidine in an unperturbed or random coil environment (Tanokura, 1983; Creighton, 1993) .
In contrast to His 156, the buried His 149 is deprotonated under all pH conditions examined (Fig. 2 ). This conclusion follows from the observation that the chemical shifts of the I5Nr2, "N", and 'H" of this residue are invariant between pH 9.3 and 2.3, showing that His 149 remains in one neutral tautomeric state even under very acidic conditions (cf. Pate1 et al., 1972; Zhong et al., 1995) . Therefore, the pK, of His 149 in native BCX is less than 2.3. However, under solution conditions more acidic than pH 3, BCX begins to unfold on the NMR timescale of slow exchange. This is evident by the appearance of resonances with random coil shifts (not shown) and a concomitant loss in the relative intensity of the peaks from the native protein (Fig. 2) . Therefore, the pK, of His 149 is less than the "midpoint pH' for the acid denaturation of BCX at 30 "C, such that this residue is not protonated significantly within the structural context of the folded protein.
Hydrogen-deuterium exchange of His 149
Insights into the structure and dynamics of proteins can be obtained by measurement of the rates by which labile protons exchange with solvent protons. In general, hydrogen exchange studies have focused on the main-chain amide and side-chain amide and indole groups in proteins. However, similar approaches may be used to probe the environment of His 149. Figure 6 presents the time course of exchange measured by transferring protonated BCX into DzO buffer at pH* 7.04 and 30°C, followed by recording a series of one-dimensional 'H-NMR spectra. Remarkably, the rate of hydrogen-deuterium exchange of His 149 'H" under these conditions is 4.0 X s-I. In contrast, the nitrogen bonded protons of His 156 are not detected in the 'H-NMR spectrum of BCX over the wide pH range studied. Assuming a conservative limit of -100 Hz in the linewidth of an observable NMR signal, we estimate that these two exposed protons exchange with the water at a rate >300 s-' at neutral pH (Wuthrich, 1986) .
Close proximity of His 149 to a buried water or hydroxyl group
Inspection of the crystallographic structure of BCX reveals that His 149 is strongly hydrogen bonded to a buried water molecule via its N"H ( Fig. 7) (Campbell et al., 1993) . The water 0 to His 'He* separation is 1.8 A. In an initial effort to confirm this interaction, we recorded a NOESY spectrum with a spin-echo detection pulse (Sklenh & Bax, 1987) to avoid saturating the solvent signal. As shown in Figure 5 , an NOE cross peak is observed from a proton(s) with the chemical shift of bulk H 2 0 to His 149 'He2. Because the lifetime for hydrogen exchange rate of this histidine proton is on the order of hours, this cross peak cannot be due to direct chemical exchange with water. We tentatively assign this cross peak to an NOE interaction between 'H" of His 149 and either the bound water molecule or the OYH of Ser 100. The latter OY and HY are 3.5 A and 3.2 A, respectively, from the imidazole 'He'. It is interesting to note that this bound water and/or serine hydroxyl are likely in fast exchange with the solvent on the NMR timescale, as evident by a chemical shift coinciding with that of bulk water (Otting & Wiithrich. 1989; Otting et al., 1991) .
Discussion
Structural environment of His 149
BCX contains two histidines at positions 149 and 156. His 149 is located on the interior of the single amphiphatic a-helix in BCX, resulting in its complete burial within the hydrophobic core of the protein (Fig. 7) . The imidazole is almost perpendicular to the phenolic group of Tyr 105, such that the H" of His 149 points directly toward the CY on the face of this aromatic ring (d149HcI-105Cy = 2.7 A). This orthogonal edge-to-face stacking is suggestive of an aromatic-aromatic interaction in which the slightly positive proton of the histidine is attracted weakly to the slightly negative carbon atoms of the tyrosine ring (Burley & Petsko, 1988; Armstrong et al., 1993) . The close proximity of His 149 to the aromatic ring of Tyr 105 undoubtedly results in the abnormally upfield shifted res- onance of its imidazole IHfl at 5.55 ppm, versus 7.75 ppm expected for a neutral "random-coil" histidine ( Fig. 4) (Bundi & Wiithrich, 1979) . In the crystal structure of BCX, His 149 is hydrogen bonded to the oxygen of an internal water molecule and the hydroxyl proton of Ser 130 via its NZZH and N", respectively (each with N-0 distances of 2.8 A) (Campbell et al., 1993) . However, because nitrogen and carbon atoms are difficult to distinguish by X-ray crystallography, and protons are generally not observed in electron density maps, the orientation and tautomeric state of this imidazole ring were deduced based on the observed positions of neighboring polar atoms. Using NMR methods, we have confirmed unambiguously that His 149 exists in the Nf2H tautomeric form, thereby providing strong independent support for the hydrogen bonding interactions reported in the structural model of BCX. The NOES observed between the 'H" of His 149 and the nearby 'Ho.0' of Ser 100, as well as a bound water or the hydroxyl of this latter serine, are also entirely consistent with the crystal structure of the protein.
Structural environment of His 156
In contrast to His 149, the nonconserved His 156 is located at the C-terminal end of the a-helix in BCX with its imidazole N" hydrogen bonded to the carbonyl oxygen of Ala 152. The following residue, Gly 157, which is invariant in all Family G xylanases, serves as the C-cap of the a-helix (Richardson & Richardson, 1988; Campbell et al., 1993) . The side chain of His 156 is solvent accessible and does not neighbor closely any other ionizable amino acids in BCX. Consistent with this exposed structural environment, the nitrogen bonded protons of His 156 exchange rapidly with water and the pK, -6.5 of its side chain is within the range expected for a typical histidine residue located on the surface of a protein (Creighton, 1993) .
It is interesting that Sancho et al. (1992) have shown that the pK, of His 18 in the C-cap position of an a-helix in barnase is on June 5, 2007 www.proteinscience.org Downloaded from elevated by 0.6 units to 7.1 due to favorable electrostatic interactions of the imidazole ring with the helix dipole combined with hydrogen bonding to the carbonyl oxygen of residue i -3 (Gln 15). This hydrogen bonding protects the imidazole of His 18 sufficiently from solvent exchange such that the nitrogen bonded protons are observable by NMR using a selective pulse sequence to avoid saturation of bulk water (Sancho et al., 1992) . Keeping in mind that we did not detect the full titration curve of His 156 in native BCX and did not measure its pKa in the unfolded protein, it is possible that the pKa of this residue is elevated slightly from a "random coil" value by similar electrostatic and hydrogen bonding interactions. However, unlike the capping His 18 in barnase, which lies over the end of an a-helix and therefore is aligned directly with its dipole moment, the side chain of His 156 lies well to the side of the a-helix in BCX. Also, the carbonyl of residue i -4 (Ala 152) is hydrogen bonded to both the main-chain amide and imidazole ring of this histidine.
One unusual spectroscopic feature of His 156 is the absence of detectable I5N resonances above pH -6 (Fig. 2) . This is likely due to interconversion between tautomeric forms on the timescale of intermediate exchange.
Based on studies of model compounds, the NE2H tautomer of a neutral histidine is preferred by +-fold over the N6'H tautomer (Blomberg et al., 1977; Tanokura, 1983) .
However, hydrogen bonding to the carbonyl of Ala 152 requires protonation of Ns' (Campbell et al., 1993) .5 We speculate that, under basic conditions, such hydrogen bonding shifts the tautomeric equilibrium of His 156 closer to unity, and perhaps also perturbs the rate of proton transfer with the solvent. This extenuates the effect of intermediate exchange broadening as the populations of the two possible protonated forms of the imidazole become comparable (Cavanagh et al., 1996) .
Solvent exchange of His 149
His 149 was identified initially in the NMR spectra of BCX due to the distinct resonance of its imidazole 'He* at 12.19 ppm. In general, this labile proton is not observable by 'H-NMR methods due to rapid exchange with the solvent. However, many of the earliest NMR studies of proteins in H20 solvents focused on "usually downfield shifted resonances" attributed to the nitrogen bonded protons of histidines (Markley, 1975) . Examples include serine proteases (Robillard & Schulman, 1974; Markley, 1978) and heme proteins (Sheard et al., 1970; Redfield & Gupta, 1971) , as well as ribonuclease A (Pate1 et al., 1972; Griffin et al., 1973) , carbonic anhydrase (Gupta & Pesando, 1975) , and superoxide dismutase (Stoesz et al.. 1979) . These histidines are often key active site residues or are involved in the ligation of metal ions (Feng et al., 1990) . At pH* 7.04 and 30°C, the exchange rate of His 149 'HC2 with bulk solvent is 4.0 X s-I, corresponding to a lifetime of -7 h. This surprisingly slow exchange rate is comparable to those reported for the metal-ligated histidines in bovine superoxide dismutase (Stoesz et al., 1979) . To the best of our knowledge, these are the only two proteins for which histidine exchange rates have been measured quantitatively. We estimate the exchange rate for the histidine imidazole protons in a random-coil polypeptide to be on the order of 102-103 s-' at pH 7 (Englander & Kallenbach, 1984; Wiithrich, 1986; Creighton, 1993) . Therefore, the 'Hs2 of His 149 is protected from hydrogen exchange with the solvent by 'The crystal structure of BCX was solved at pH 7.3.
greater than 106-fold. This protection is attributed to the hydrogen bonding and solvent inaccessibility of the imidazole ring of the buried histidine (Fig. 7) . It is intriguing that the He* of His 149 is hydrogen bonded to an internal water molecule in the X-ray structure of BCX, prompting the question as to the mechanism by which the hydrogen of this imidazole exchanges with bulk or possibly bound solvent. We are currently investigating this issue by characterizing in detail the kinetics of His 149 hydrogen exchange and the lifetime of the bound water molecule.
pKa of His 149
His 149 exists in the neutral Nf2H tautomeric form between pH 9.3 and 2.3 at 30°C (Fig. 2) . Therefore, the pK, of this histidine residue is <2.3. If we assume further that changes in chemical shift are detectable at pH values within %0.5-1 units of the pKa of an ionizable group, then the pK, of His 149 is < 1.8, as evident by the invariance of its 'H-and I5N-NMR spectra to changes in hydronium ion concentration. The abnormally low pKa of His 149 undoubtedly reflects the buried hydrophobic environment of its imidazole ring in BCX. Although hydrogen bonded to a serine hydroxyl and a bound water, His 149 contacts several nonpolar residues, including Val 81, Val 98, Tyr 105, and Ile 144. The side-chain carboxyl of Asp 101 is also hydrogen bonded to the bound water, but is too far from His 149 to form a chargestabilizing salt bridge (d14~~r2-101082 = 4.7 A).
Abnormally low pK, values (<2.8) have also been reported for histidine residues in cyclophilin and FK506 binding protein (Yu & Fesik, 1994) . These imidazole side chains are, in effect, moderately strong acids, remaining deprotonated under all physiological conditions. In contrast, pKa values of 9.1 and 10.4 have been measured for salt-bridged histidine side-chains in T4 lysozyme (Anderson et al., 1990 ) and superoxide dismutase (Stoesz et al., 1979) . respectively (see also Liang & Abeles, 1987) . These positively charged irnidazoliurn side-chains are thus moderately strong bases. Remarkably, the acid dissociation constant of a histidine can vary by more than 108-fold depending on its structural and electrostatic environment within a protein! BCX undergoes acid-induced denaturation in acidic solutions with pH values that are above the pKa of His 149 (Fig. 2) . This implies that His 149 is never protonated significantly when in the context of the folded xylanase. As discussed in detail by Anderson et al. (1993) , the electrostatic contribution of an ionizable group toward the stability or instability of the native state of protein relative to the denatured state is reflected directly by the difference in the pKa values of that group in these folded and unfolded states. Assuming a pKa of 6.5 for a histidine in an unstructured polypeptide, the presence of neutral His 149 destabilizes folded BCX by -5.5 kcaVmol at pH 2.5 and 30 "C. However, under biologically relevant conditions near neutral pH, His 149 is deprotonated in both native and denatured BCX. Thus, no significant energetic penalty results from the burial of its side chain and, under these conditions, His 149 can contribute favorably to the stability of the folded protein through hydrogen bonding, van der Waals, and possibly aromatic-aromatic interactions. Consistent with this argument, calorimetric studies have shown that the midpoint temperature for the thermal denaturation of BCX is maximal near pH 5 and drops sharply with increased solution acidity (Davoodi et al., 1995) . We are currently measuring the pK, values of all the glutamic and aspartic acid groups in BCX in order to understand in detail the pH-dependence of the stability of this enzyme .
Structural conservation and site-directed mutagenesis
His 149, Tyr 105, and Ser 130 are conserved completely in all family G xylanases. Furthermore, the hydrogen bonding interactions between these residues and a buried water are also found in the reported crystal structures of the homologous ?: harzianum and ?: reesei I and I1 xylanases (Campbell et al., 1993; Torronen et al., 1994; Torronen & Rouvinen, 1995) . These side chains are located on the "backside" of the enzyme, relative to the active site cleft, and thus are likely to fulfill important roles in establishing the structural stability of these xylanases, as opposed to having a direct catalytic function.
To probe the role played by His 149, site-directed mutagenesis was used to substitute phenylalanine (H149F) and glutamine (H149Q) at this position. Preliminary measurements demonstrated that, at 4 0 T , the two mutant proteins have the same specific activity as the wild-type BCX (data not shown). As expected, the amino acid replacements do not alter significantly the active site of the enzyme. However, after a IO-min incubation period at 55 "C, both mutant xylanases retained only 10% of their catalytic activity. In constrast, the wild-type protein showed no decrease in activity even after 1 h under these conditions (50 mM NaCI, 50 mM MES, pH 6.0) (Wakarchuk et al., 1994b) . Therefore, the substitutions H149F and H149Q lead to a reduction in the stability of folded BCX as is evident by these measurements of its irreversible thermal denaturation. Based on the crystal structure of the wild-type xylanase, we postulate that this reduction in stability results from unsatisfied hydrogen bonds to the buried polar groups of Ser 130 and, if still present, the internal water molecule, combined with altered van der Waals contacts of the phenylalanine and glutamine side chains to the residues surrounding position 149. The importance of these interactions toward stabilizing the folded structure of BCX are reflected by the slow hydrogen exchange rate and exceptionally low pK, value observed for the imidazole side chain of His 149 in the wild-type enzyme.
Materials and methods
Protein preparation
The gene encoding BCX was cloned into the pCW plasmid system under control of an inducible tac promoter Wakarchuk et al., 1994a) . Unlabeled and biosynthetically "N-and '3C/'SN-labeled BCX were produced in the prototrophic Escherichia coli strain 594, and purified by ion-exchange chromatography, as described previously Plesniak et al., 1996) . Unless stated otherwise, samples used for NMR analyses were 0.8-1.0 mM BCX in 25 mM sodium d3-acetate, 0.02% sodium azide, 90% H20/10% D 2 0 at pH* 5.8. The pH of the protein was lowered during the titration experiments by the addition of microliter aliquots of 0.1 M HCI and, when necessary, raised by dialysis against alkaline sample buffer to avoid possible aggregation resulting from the direct addition of base. The sample pH* was measured at room temperature using an Ingold microelectrode.
NMR spectroscopy
NMR spectra were recorded at 30°C using a Varian Unity Spectrometer operating at 500 MHz for protons, and processed off-line using FELIX v2.30 software (Biosym Inc., San Diego, CA). I' N-NMR spectra were acquired with a 10-mm broadband probe and all other data collected with a 5-mm triple resonance "N/I3C/IH probe containing a single shielded gradient coil. 'H and I3C were referenced to an external sample of DSS at 0.00 ppm for both nuclei, and "N to an external sample of 2.9 M ''NH4CI in 1 M HCI at 29.43 ppm (Levy & Lichter, 1979) . This latter reference yields "N chemical shifts 1.6 ppm greater than those obtained using liquid NH3 (Wishart et al., 1995) .
Directly observed one-dimensional I'N-NMR spectra of lsNenriched BCX were recorded using a -50 degree "N pulse, a spectral width of 282 ppm, an acquisition period of 287 ms, and a total recycle delay of -1.8 s. Broadband proton decoupling during acquisition was achieved using a GARP sequence, applied at 9.1 ppm with a field strength of 900 Hz. Approximately 5,000 transients were accumulated in 2-3 h to yield sufficient signal-tonoise in the final spectra.
The 'H-I5N HSQC spectrum of "N-enriched BCX was recorded using spectral widths of 8,064 Hz (16.1 ppm) and 6,944 Hz (137 ppm), and acquisition times of 127 ms and 37 ms in 'H and "N, respectively, to encompass the entire chemical shift range of each nuclei. The signal from water was reduced by selective saturation, and broadband GARP decoupling at a field strength of 1,800 Hz was applied to "N during acquisition.
The 'H-I'N HMBC spectrum of uniformly 13C/1SN-labeled BCX was collected in a mixed-mode using spectral widths of 12,500 Hz (25 ppm) and 4,560 Hz (90 ppm), and acquisition times of 82 ms and 56.1 ms in 'H and I'N, respectively (Bax & Marion, 1988) . The "N transmitter was set at 210 ppm, and signals from the amide and guanido groups were aliased to the middle and edge of the spectrum, respectively. A delay of 22 ms was used to detect the weak two-and three-bond IH-I'N correlations while minimizing the signal due to directly bonded IH-I'N pairs (Pelton et al., 1993) . The signal from water was reduced by selective saturation, and broadband GARP decoupling at a field strength of 1,850 Hz was applied to the I3C nuclei in aromatic region (124.5 ppm) during both t l and t2 periods. The spectrum was processed using skewed shifted sinebell apodization in both dimensions. The 'H-I'N HMBC spectrum was recorded on a 13C-and "N-enriched sample to allow a precise alignment with the 'H-"C HSQC spectrum of BCX. The constant-time 'H-"C HSQC spectrum of the aromatic region of uniformly '3C/"N-enriched BCX was recorded using spectral widths of 6,250 Hz (1 2.5 ppm) and 6,200 Hz (49 pprn), and acquisition times of 164 ms and 16.3 ms in 'H and 13C, respectively (Santoro & King, 1992; Vuister & Bax, 1992) . The I3C transmitter was set at 124.5 ppm. A total constant-time delay of 16.7 ms was chosen assuming a '.Icc -60 Hz for the aromatic ring carbons. Decoupling of the aromatic "N during tl was accomplished by GARP decoupling centered at 15 1 pprn and with a field strength of 790 Hz. The signal from water was eliminated using the gradient accessory as a homospoil (Wider & Wiithrich, 1993) . The spectra were processed using mirror image linear prediction in the "C dimension (Zhu & Bax, 1992) .
The IH-l3C (Hp)Cp(CyCS)HS spectrum of uniformly I3C-and "N-enriched BCX was recorded using spectral widths of 6,250 Hz (1 2.5 ppm) and 4,000 Hz (32 ppm), and acquisition times of 82 ms and 8 ms in 'H and "C, respectively (Yamazaki et al., 1993) . The I3C transmitter was set at 37 ppm. Mirror image linear prediction was used during processing of the data for the constanttime 13C dimension.
Hydrogen-deuterium exchange
The kinetics of hydrogen-deuterium exchange of His 149 were measured by transferring BCX into 99% D20 buffer, containing on June 5, 2007 www.proteinscience.org Downloaded from 15 mh4 sodium d3-acetate, 15 mM sodium phosphate, and 0.01% sodium azide, using a Sephadex G25 medium spin column. The Sephadex was swollen in the D20 buffer overnight and packed in a 3 mL Quik-Sep (Isolab, Inc., Akron, OH) column using a swinging-bucket centrifuge spun at 6,000 rpm for 2 min. BCX in 600 pL of H 2 0 buffer was loaded on the top of the column, followed immediately by centrifugation at the same speed for 2 min. The protein in D20 buffer was placed in a dry NMR tube and, after -5 min to equilibrate at 30 "C in the magnet, a series of one-dimensional 'H-NMR spectra, each signal averaged over 10 min, were collected. The sample pH was measured at room temperature after completion of the experiment. The exchange rate (k,) was determined using the program Kaleidagraph -11097, 1996) reported recently exchange rates for the catalytic triad histidine of bovine chymotrypsin A.
